In the manufacturing process of zinc alloy die-casting, laminations are a serious problem because they cause blister defects and the deposition of zinc on the mold surface. Thus, it is very important to analytically predict the risk of lamination formation before determining the mold design. In this study, we proposed a criterion for predicting the locations of laminations. The criterion value is estimated from the result of a molten metal flow simulation and can indirectly predict the locations of laminations. As the analytic method in the mold-filling simulation, we adopted a gas-liquid two-phase flow model with a finite element method, and the Cahn-Hilliard equation was adopted to determine the interface between the gas and the liquid. We predicted the locations of laminations for two different types of gating system using the mold-filling simulation. The validity of the proposed criterion for laminations was confirmed by comparison of the results of the simulation and the observation of laminations after practical die-casting.
Introduction
Die-casting has been used for the mass production of various industrial products. However, there still remain many problems such as casting defects, including blow holes, shrinkage porosity, cold shuts, blisters and laminations, at manufacturing sites. In addition, mold erosion, heat checking, soldering reactions and zinc deposits are known as major problems that shorten the mold life. 15) In zinc alloy diecasting processes, laminations are a serious problem because they cause blisters on the surface of casting products after plating and also the deposition of zinc on the mold surface. 6, 7) Since zinc deposits on a mold surface reduce the surface quality of castings, as in the case of soldering reactions, they must be removed. Generally, the removal process of zinc deposits on the mold surface, which requires a temporary interruption of the die-casting process, markedly reduces the productivity.
Blisters reduce the functionality of products as well as adversely affecting their appearance. Blisters after plating due to laminations are formed by the following mechanism, which is different from the thermal expansion of blow holes. First, laminations are formed in the vicinity of the mold surface by the rapid solidification of the molten zinc alloy flowing along the mold surface during die-casting. Next, the copper plating solution of the substrate penetrates into the cracks caused by the laminations. Figure 1 shows a crosssectional micrograph of a plated product, from which the penetration of the copper plating solution of the substrate into the cracks can be confirmed. Then, hydrogen gas is generated in the cracks by the substitution reaction of the copper plating solution. Generally, copper plating solution contains sodium hydroxide, and hydrogen gas is generated by the substitution reaction: Zn + 2NaOH + 2H 2 O ¼ Na 2 [Zn(OH) 4 ] + H 2 . Finally, blisters are generated by the expansion of the hydrogen gas. Figure 2 shows a photograph of blisters generated by the above mechanism and a cross-sectional micrograph of one of the blisters. A thin layer of zinc alloy attached to the bottom of the plated layer can be observed in this image. This type of blister is caused by laminations. Therefore, it is very important to prevent the generation of laminations to improve the product quality and production efficiency.
Computer-aided engineering (CAE) is widely used for predicting and preventing die-casting defects. 815) However, there have been few reports on the use of CAE for predicting the risk of lamination formation.
In this study, we proposed an evaluation criterion for predicting the locations of laminations by mold-filling simulation. The criterion value is estimated by considering the magnitude of the shear rate of the molten metal flow.
To confirm the validity of the proposed criterion, a moldfilling simulation and practical zinc alloy die-casting were carried out for two different types of gating system. In the mold-filling simulation, to accurately calculate the flow of molten metal, which is strongly affected by the back pressure of the air in the mold, we adopted a gas-liquid two-phase flow analysis model that considers the effect of the wettability between the molten zinc and the mold surface. Specifically, we simultaneously solved the Navier-Stokes equation and the Cahn-Hilliard equation to determine the interface between the gas and the liquid.
1622) The effect of the wettability was considered in the viscosity term of the Cahn-Hilliard equation. Comparison of the locations of the blisters caused by laminations in the practical die-casting with those of the laminations predicted by the proposed criterion showed good agreement. The validity of the proposed criterion was confirmed through these results.
Numerical Simulation and Prediction Methods

Numerical scheme for the two-phase flow analysis
In this study, the fluid motion of the molten metal and the gas was treated by a two-phase flow analysis model. As the governing equations, the incompressible Navier-Stokes equation (1) and the continuity equation (2) were adopted, where u,¯, Fv and Fs are the velocity, kinetic viscosity, volume force and surface tension, respectively.
In the two-phase flow analysis, which distinguishes the liquid and gas phases in a domain, it is important to accurately capture the shape of the interface. The Cahn-Hilliard equation (3) was adopted to calculate the advection of the interface between the molten metal and the gas.
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Here, º represents the interface function and is defined as
where º G < º L is imposed. The density µ and viscosity ® of a fluid are functions of º and are defined as
Here, subscripts L and G for the density µ and viscosity ® represent values for the liquid and gas, respectively, andõ is defined asõ
In this way, the physical values corresponding to each phase are represented by defining the density µ and viscosity ® as functions of º. Here, ¥(º) in eq. (3) is the mobility and is defined as
where ¡ £ , L, ¦t and £ are the control parameter, a representative length, the time increment and a parameter that affects the stability of the numerical analysis, respectively. 22) © in eq. (3) is the chemical potential. The volume of fluid (VOF) scheme and its modified numerical schemes, which have been widely adopted in mold-filling simulations, explicitly calculate the volume of fluid and the interface. 2326) In the present scheme, the interface can be implicitly determined from the physical values calculated by the Navier-Stokes equation. 21, 27, 28) Therefore, the cumulative error resulting from the numerical calculation is relatively small when the present numerical scheme is adopted. These governing equations were discretized by the finite element method. 16, 29, 30) We adopted an implicit method with secondorder accuracy for time discretization. In addition, we used the message-passing interface (MPI) to markedly shorten the analysis time. The MPI is very effective because it is necessary to solve the entire region including not only the liquid region but also the gas region.
Prediction method for laminations
In this section, we propose an evaluation criterion for predicting the locations of laminations by mold-filling simulation. We previously reported the generation mechanism of laminations in zinc alloy die-casting as follows.
7) The trigger for lamination formation is the flow of a thin layer of molten zinc along the mold surface. The thin-layer flow is dominated by the inertial force of the molten zinc. Since the kinetic viscosity of molten zinc is smaller than that of aluminum alloy, the thin-layer flow tends to occur in zinc alloy die-casting. The thin-layer flow is rapidly solidified by the cooling from the mold surface before cavities are fully filled. As shown in Fig. 1 , this rapidly solidified thin layer is formed in a microscale region at a depth of 0.01 mm order from the mold surface. Subsequently, the mainstream flows into the cavity and over this rapidly solidified thin layer. Then the mainstream is cooled more slowly than the thin layer near the mold surface. The time difference between the solidification of the rapidly solidified thin layer near the mold surface and that of the gradually solidified layer causes a difference in the size of the crystal grains of the metal. Laminations are layers with different crystal grain sizes adjacent to each other.
The balance of the thermal energy of molten zinc during filling can be explained as follows. In a region near the mold surface, the thermal energy of molten zinc is rapidly released to the mold. At the same time, the thermal energy flows into this region from upstream because the high-temperature molten zinc is poured from the sprue. The cooling rate of the molten zinc is determined by the balance of thermal energy. A previous study 7) has shown that the cooling rate of a rapidly solidified layer forming laminations is more than 1000 K/s, which is about five times larger than that of the inside layer. Thus, the generation of laminations depends on the balance of thermal energy.
The relationship between the energy balance and the shear rate in the vicinity of the mold surface is explained as follows. Figure 3(a) shows a schematic of the flow field of molten zinc in the vicinity of the mold surface. When the molten zinc flows along the mold surface, as shown in Fig. 3(a) , it adheres to the mold surface. For this reason, the velocity of the molten zinc is zero on the mold surface and increases with the distance from the mold surface. The vertical velocity gradient of the molten zinc represents the shear rate in the vicinity of the mold surface. When the flow of the molten zinc is very fast, the shear rate in the vicinity of the mold surface is large. On the other hand, when the shear rate is relatively small, as shown in Fig. 3(b) , the thermal energy flowing from upstream is also small. Therefore, it is considered that the risk of lamination formation caused by rapid solidification is higher in the case of a small shear rate, as shown in Fig. 3(b) , than in the case of a large shear rate, as shown in Fig. 3(a) . In this study, we focus on the shear rate near the mold surface and formulate an evaluation criterion for predicting the risk of lamination formation as follows.
The strain rate D ¡¢ of a fluid is defined as
Here, u ¡ ð¡ ¼ 1; 2; 3Þ is the velocity and subscripts ¡ and ¢ are indicators in the Cartesian coordinate system. The strain rate D e ¡¢ of each tetrahedral element ³ e is approximated by the finite element method as follows:
where V e is the volume of each element ³ e and i represents the node number in each element. C ¡i , the spatial derivative of shape function ¼ i , is defined by
Here, the spatial derivative of the shape function can be expressed as
ði; j; k; lÞ ¼ ð1; 2; 3; 4Þ; ð2; 3; 4; 1Þ; ð3; 4; 1; 2Þ; ð4; 1; 2; 3Þ; ð¡; ¢; £Þ ¼ ð1; 2; 3Þ; ð2; 3; 1Þ; ð3; 1; 2Þ: ð13Þ
The shear rates for the x-, y-and z-directions are 2D yz , 2D zx and 2D xy , respectively. The shear rates in all directions are summed as follows so that the evaluation criterion is not affected by the strain rate in a specific coordinate axis direction:
Since S e depends on the flow field, it changes with time. Hence, the following average weighted by the time increment dt n of the simulation is adopted:
Here, N e is the total number of calculation steps during which molten zinc exists in an element ³ e . The denominator of eq. (15) represents the total time for which molten zinc exists in the element.
In this study, f e is adopted as an evaluation criterion for predicting the risk of lamination formation in each element ³ e . It is suggested that the smaller the criterion value, the higher the risk of lamination formation. From the spatial distribution of the criterion value f e , it is possible to predict where laminations are most likely to form.
Validation methodology
To confirm the validity of the proposed criterion f e for the prediction of laminations, a mold-filling simulation and practical die-casting were carried out. The locations of laminations predicted by the mold-filling simulation were compared with those of blisters caused by laminations confirmed through the practical die-casting. Figure 4 shows the shape of the product and the two gating systems (hereafter referred to as GS1 and GS2) for the zinc alloy die-casting used in the validation. The product (mold cavity) shapes in the two gating systems are the same, whereas the gate width in GS2 is larger than that in GS1. Several overflows are attached to each cavity. A vent for gas leakage is attached to each overflow, and the thickness of each vent is less than 0.02 mm. The air vents are very thin so that the molten zinc cannot flow out through the vents. The chemical compositions of the zinc alloy (ZDC1) and the mold material (maraging steel) used in the practical diecasting are given in Tables 1 and 2 , respectively. To prevent the mold erosion during die-casting, plasma nitriding treatment was applied to the mold. Molten zinc was injected from a melting pot at a temperature of 703 K by a plunger with a maximum speed of about 0.7 m/s using a hot-chamber die-casting machine. The cycle time of the die-casting process, which consists of the main stages of clamping, injection, cooling and ejection, was set to 5.0 s.
The casting products were coated by electroplating. First, the castings were coated with a thin layer (approximately 1 µm) of copper using a copper strike solution. Thereafter, they were plated to a thickness of approximately 10 µm using a copper plating bath then coppertinzinc-plated to a thickness of approximately 2 µm as the final coating. The plated products were visually inspected to determine the locations of blisters.
Furthermore, to investigate the cause of the blisters, the products were analyzed as follows. A sample of a product for analysis was mirror-polished with diamond paste having a particle size of 1 µm. Then, the crystal grains of the sample were observed on a backscattered electron (BSE) image obtained using a scanning electron microscope (SEM).
The mold-filling simulation was carried out for the two different gating systems. The computational domain was discretized using tetrahedral elements, and the thickness of a single layer concentrated near the mold surface is approximately 0.1 mm as shown in Fig. 4(b) , which is larger than the lamination scale of 0.01 mm order. Even with such a coarse mesh, the validity of the proposed criterion for laminations was confirmed. The total numbers of elements in GS1 and GS2 were 599407 and 576014, respectively. All elements in the analysis models were treated as the gas (air) phase in the initial state, and the density and viscosity of air were set to 1.205 kg/m 3 and 1.822 © 10 ¹5 Pa·s, respectively. The inlet velocity on the apical surface of the sprue was fixed to 10 m/s. The density and viscosity of molten zinc were 6.6 © 10 3 kg/m 3 and 3.18 © 10 ¹3 Pa·s, respectively. In addition, the contact angle between the molten zinc and the mold surface was set to 148°, which was observed in a previous experiment. 31) 3. Results and Discussion 3.1 Simulation and die-casting results for GS1 3.1.1 Prediction of laminations Figure 5 shows the filling state of molten zinc alloy visualized by the mold-filling simulation using GS1. These images show the flow pattern as the filling rate, which is the volume ratio of the molten zinc to the gating system, increases from 40% to 50%. As shown in Fig. 5 , the molten zinc flows into the cavities when the filling rate is 40%. When the filling rate reaches 44%, the molten zinc impacts on the mold surface located on the opposite side of the gate and spreads over both sides. Even when the filling rate reaches 50%, it can be seen that regions A and B near the gate are not filled with the molten zinc. Figure 6 shows the filling state and the flow velocity vector of the molten zinc when the filling rate reaches 86%. As shown in the left image, regions A and B are fully filled with the molten zinc when the filling rate reaches 86%. As can be seen from the right image, the molten zinc passes through the gate at a velocity of approximately 30 m/s and flows into the cavity. Nevertheless, the flow velocity in regions A and B is markedly smaller than that elsewhere. Figure 7 shows the distribution of criterion f e for the prediction of lamination formation estimated from the shear rate of the flow of the molten zinc in the vicinity of the mold surface. The value of f e is smaller in regions A and B than that elsewhere. This result shows that laminations are relatively likely to form in regions A and B. In particular, since f e is markedly small in region B, we can predict that the risk of lamination formation in region B is extremely high. In contrast, it can also be seen from Fig. 7 that laminations are less likely to form in region C at the center of the cavity. From these results, we can predict that the risk of occurrence of blisters caused by laminations is highest in region B and low in region C.
Visual inspection of castings
Die-casting was carried out using GS1 and we inspected the appearance of the plated products. It is known that blisters with diameters larger than 0.3 mm markedly reduce product functionality. Therefore, blisters with diameters of more than 0.3 mm were targeted for observation. Figure 8 shows the locations of blisters with diameters larger than 0.3 mm observed by the visual inspection of 1000 products. In region B, where numerous circles overlap in this image, blisters occurred most frequently. We analyzed the castings to identify the cause of these blisters. Figure 9 shows the appearance of blisters occurred in region B. Figure 10(a) shows a cross-sectional micrograph of the blister shown in Fig. 9. Figures 10(b) and 10(c) show SEM images of areas D and E in Fig. 10(a) , respectively. From Fig. 10(c) , we can observe a thin layer of zinc alloy attached to the plated layer. The thickness of this thin layer is approximately 0.01 mm order. A similar thin layer was observed in most of the blisters shown in Fig. 8 . As shown in Figs. 10(b) and 10(c), the grain size in the thin layer is markedly smaller than that in the inner region. The grain size depends on the cooling rate of the molten metal, and the higher the cooling rate, the smaller the grain size. Figure 11 shows the relationship between the secondary dendrite arm spacing (SDAS) and the cooling rate of ZDC1 obtained in a previous experiment. 7) Using this relationship, it was estimated that the cooling rate (approximately 1749 K/s) in the thin layer is approximately 6.4 times higher than that (approximately 272 K/s) in the inner region. From these results, it can be seen that the thin layer was formed by rapid solidification of the molten zinc flowing along the mold surface. Thus, the cause of the blisters in Fig. 9 can be confirmed to be laminations.
From Fig. 8 , it can also be seen that no blisters occur in region C. Figure 12 shows a cross-sectional SEM image of region C. As shown in Fig. 12 , a thin layer caused by rapid solidification during mold-filling was not formed. Using the relationship in Fig. 11 , the cooling rate of molten zinc in From the above results, it is considered that the distribution of blisters shown in Fig. 8 indicates the locations where laminations are easily formed. Comparing the distribution of blisters in the practical die-casting with the prediction results for laminations shown in Fig. 7 , good agreement was obtained. Thus, we confirmed that the evaluation criterion f e can accurately predict the locations of blisters caused by laminations. Figure 13 shows the filling pattern visualized by moldfilling simulation in the case of GS2. From these images, it can be seen that this filling pattern differs considerably from the result for GS1 shown in Fig. 5 . In the case of GS2, the molten zinc begins to flow into region A when the filling rate reaches 38%. When the filling rate reaches 42%, region A is almost filled with the molten zinc, whereas region B is not filled with the molten zinc. Then, the molten zinc rapidly flows into region B when the filling rate reaches 48%. Figure 14 shows the flow velocity vector of molten zinc when the filling rate reaches 86%. We can confirm that the flow velocity in region B shown in Fig. 14 is higher than that shown in Fig. 6 . Figure 15 shows the distribution of the evaluation criterion f e estimated from the filling pattern for GS2. We can see that the evaluation criterion f e in region B is extremely large compared with the result for GS1 shown in Fig. 7 . In contrast, the values of f e in regions A and C are smaller than those for GS1. From these results, it was confirmed that the predicted locations of laminations depend on the gating system. Unlike in the case of GS1, we predicted the formation of blisters caused by laminations in region C.
Simulation and die-casting results for GS2 3.2.1 Prediction of laminations
Visual inspection of castings
Die-casting was carried out using GS2 under the same conditions as for GS1 and the products were plated. Figure 16 shows the blister defects on the surface of a plated product. From Fig. 16 , it can be seen that blisters occurred in region C, unlike in the case of GS1. We analyzed the castings to identify the cause of the blisters. Figure 17 (a) shows a cross-sectional SEM image of a blister occurring in region C of Fig. 16 . Figure 17 (b) shows a close-up view of area F in Fig. 17(a) . From Fig. 17(b) , we can observe that a thin layer of zinc alloy is separated from the inner region and attached to the plated layer. The grain size in the thin layer is smaller than that in the inner region. This result shows that the thin layer was formed by rapid solidification of the molten zinc. Thus, we can confirm that the blisters occurring in region C of Fig. 16 were caused by laminations. This result is consistent with the simulation result shown in Fig. 15 , and the validity of the proposed criterion f e was also confirmed for GS2. From the above results, we confirmed that the evaluation criterion f e can accurately predict the locations of laminations for various gating systems.
Conclusions
In this study, the following results were obtained.
(1) We proposed an evaluation criterion for predicting the locations of laminations by mold-filling simulation. The evaluation criterion was formulated by estimating the shear rate of the flow of molten zinc on the basis of the generation mechanism of laminations. The locations of laminations are predicted from the spatial distribution of the criterion value. (2) Zinc alloy die-casting was carried out for two different types of gating system, and it was confirmed that the blisters on the surface of the products were caused by laminations from SEM observations. (3) The locations of the blisters coincided with those of the laminations predicted by the proposed evaluation criterion. From the validation results for both gating systems, it is confirmed that the proposed evaluation criterion can be applied to various gating systems. 
